INTRODUCTION
Dendrites are treelike structures, which form in the solidification process of many engineering metals and alloys.
This unstable growth pattern forms the microstructure of the finished product. Since the microstructure controls many of the mechanical and chemical properties of the material, it is important to understand how the microstructure forms. Through researching the dendritic solidification process, manufacturing techniques may be developed to improve the control over the properties of the material being processed. For over half a century, scientists have studied dendritic solidification and developed numerous theoretical [1] [2] [3] and experimental [4] [5] [6] [7] [8] [9] [10] [11] [12] studies. In 1947, Ivantsov 13 proposed that dendrites growing in a supercooled melt:
(1) could be represented as a shape-preserving paraboloidal interface with a tip radius R; (2) the tip grew with a constant velocity, V. This theory only predicts the growth Péclet number, Pe, as a function of supercooling. Using Equation 1 the Péclet number predicted by Ivantsov can be checked experimentally using the thermal diffusivity of the molten phase,α, and by measuring the steady state velocity, V as a function of supercooling, and the radius of the dendrite tip, R, as a function of supercooling,
However, this theory is incapable of predicting a unique operating state, since the given Péclet number accommodates an infinite range of V and R for any given supercooling. Since then, many experimental and theoretical efforts have been directed towards developing an additional equation or length scale which, when combined with Ivantsov's theory, can predict the unique operating state of the growing dendrite. The scaling factor, σ*, has been related to this "second" length scale and the general expression is shown in Equation 2, where d 0 is the capillary length scale.
BACKGROUND
The Isothermal Dendritic Growth Experiment (IDGE) was conceived to investigate Ivantsov's theory as well
as the scaling factor. However, Ivantsov's theory was developed for an isolated dendrite growing in a melt unaffected by convective forces. In order to eliminate the convective forces that occur in melts, the IDGE was designed as a space flight experiment, flying on three space shuttle flights.
Data obtained from these experiments consisted primarily of temperature, tip radii of curvature, and growth rate. RIDGE is a follow-on to the NASA-sponsored, Isothermal Dendritic Growth Experiment (IDGE), which provided ample amounts of data on microgravity grown dendrites. The IDGE flew as part of the USMP-2, and USMP-3 in 1994 and 1996 respectively, and performed a total of 180 experiments on succinonitrile (SCN) as the dendritic growth material. In 1997, as part of USMP-4, the IDGE flew its third and final flight, conducting 116 experiments using a different growth material, pivalic acid (PVA). A different growth material was chosen in order to test the theory on a material with different anisotropy and crystal structure, pivalic acid having a higher anisotropy and face center cubic structure. These flight experiments provided data on dendritic growth in a melt essentially free of convective influences.
Each experiment provided new information, and the final flight of the IDGE added additional data acquisition capabilities. Considerably more data was obtained on this final flight of IDGE requiring more analysis, and thus serves as the focal point of the RIDGE project. The data set obtained on PVA primarily consists of 35mm photographic images with high resolution. These images were analyzed for the tip radii and steady-state velocity. However, each growth cycle contains 3-6 images taken during the estimated steady state growth period. In addition to these still images, video cameras were added to this last flight to capture images of the entire growth process. The results complied from both data acquisitions are to be discussed here.
EXPERIMENTAL SET-UP
As on previous flights, two perpendicular 35 mm film cameras were used to capture images. Two video cameras were also included to observe the dendrite throughout the growth process. An additional change was the use of a quartz growth chamber with inside dimensions of approximately 31 mm square by 50 mm long filled with pivalic acid (PVA). Pivalic acid required a change in growth chamber from the stainless steel and borosilicate glass chamber used on previous flights, since PVA was excessively reactive with the previous chamber, causing premature failures. The growth chamber was contained within a Figure 1 . To facilitate the growth of a dendrite, a hollow stinger tube penetrated the chamber wall. The exterior end of the stinger tube was closed and surrounded by a thermoelectric cooler. The interior end was open, allowing the PVA sample material in the chamber to also fill the stinger. This arrangement allowed the dendrites to be grown under diffusion-limited conditions, with the bath temperature controlled within 0.002 K (spatially and temporally). A typical cycle began with the entire PVA sample melted and supercooled to the desired temperature. Once the supercooling temperature was achieved and stabilized throughout the sample, the thermoelectric cooler was activated. This nucleated a crystal to grow within the stinger tube, which propagated down into the chamber as a dendrite. Once the dendrite had left the camera's field of view, re-melting was initiated and the process repeated in the same fashion.
ANALYSIS TECHNIQUES Isolated Tip Determination
The examination of the 35 mm films revealed an interesting phenomenon not seen during the previous IDGE experiments. The PVA quartz growth chamber did not consistently produce single, isolated dendrites as did the stainless steel growth chambers used in the past with SCN. Previously, SCN developed as one isolated dendrite, however we observed PVA to grow as multiple dendrites. It is believed that the initiation of these multiple dendrites was caused by the shape and size of the chamber's nucleating stinger. This presented a new challenge to the data collection process. As a major goal of the experiment was to investigate steady-state dendritic growth theory, it was necessary to measure isolated dendrites. Thus, a method for identifying, which of the multiple dendrites were isolated needed to be developed. First, a criterion for determining what constituted an isolated tip was developed. This was done, by selecting a supercooling at which many experiments were performed.
All experiments were analyzed to determine the velocity of every tip present, and the distances between all the tips were measured. Figure 2 shows the results from these measurements. It is seen that tips grown with neighboring dendrites less than three thermal distances away, have lower velocities. Dendrites growing more than three thermal distances from other dendrites exhibited a larger and more uniform growth velocity. From this, we established a requirement that a dendrite must grow with a minimum of three thermal distances between its tip and any surrounding object (walls, other dendrites, etc.) in order to be considered isolated.
With this criterion developed, all the growth cycles of USMP-4 were evaluated. The position of each tip, in every growth cycle was determined and the distances between all tips in the cycle were calculated. From this, the isolated tips were identified and velocity and tip-radius measurements were performed on these. The following data presented is from these isolated tips.
RESULTS

mm Film Images
The range of supercoolings available for velocity and radii determination on isolated tips is between 0.377 and 0.716 K. The range of supercoolings obtained for PVA was quite a bit smaller than for SCN. The velocity data is plotted in Figure 3 and matches Ivansov's diffusion theory well. Here, the scaling parameter, σ* V , is 0.015. Preliminary radii measurements are shown in Figure 4 . The measurements were obtained from the same dendrites as the velocity. Here, the scaling parameter, σ* R , is 0.022. This is a change from the velocity scaling parameter (σ* V ) used, and it is our belief that the scaling parameter is not constant. Previously for SCN data the scaling factor was found to be more consistent with theory. Possibilities for the discrepancy of PVA data may stem from the fact that there is a narrower range of data available. However, a more likely explanation is that the assumed parabolic heat 3 American Institute of Aeronautics and Astronautics transfer profile, or interface shape is not entirely accurate. Therefore, we are continuing to investigate a more appropriate estimate of the dendrite interface shape. Current work is being performed using a hyperbolic fit to describe the shape. The PVA growth Péclet number, shown in Figure 5 , systematically fall below the theoretical line. As stated earlier, a consistent value of the Péclet number for PVA can not be obtained by fitting the individual velocity and radii data using the selection theory. The relative parallelism of the data with the theory implies that the growth of PVA dendrites may be governed by the diffusion of latent heat from the crystal-melt interface, however, as seen above, the value of σ* varied for velocity and radii. This suggests a shortcoming somewhere within the body of theory. One such issue being addressed is the assumption by Ivantsov of the paraboloidal interface shape, which is not as valid for PVA dendrites as it is for SCN dendrites. The transport of latent heat around various infinite bodies of revolution is affected by the interface shape. When the transport theory is modified to account for the more hyperbolic interface shape in pivalic acid, agreement can be improved. These favorable comparisons suggest that the growth Péclet number is a function of the supercooling as well as the shape of the dendrite.
The scaling factor, σ*, determined for PVA using the microgravity data is approximately 0.03, as shown in Figure 6 . However, large uncertainties are introduced by the radii measurements. This preliminary data suggest the need for additional analysis of pivalic acid dendrite tip shapes, which is currently being attempted, using a hyperbolic functional form to represent the interface shape, rather than a paraboloid or 4 th order polynomial, which are satisfactory in representing succinonitrile dendrite tips. 
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Video Results A brief discussion of some recent results from analysis of video data will now be presented. The displacement verse time graph for a typical growth cycle is presented in Figure 7 . As discussed previously by the authors 14 the dendrite is observed to grow with a non-constant velocity, which evolves over the duration of the growth cycle. Since this earlier observation, the shorter timescale behavior of the dendrite growth velocity has also been examined. The displacement vs. time data were examined for the possible presence of characteristic frequencies, which would further demonstrate the transient aspects of the dendritic growth process, and potentially reveal additional insight into the tipselection process. A method for analysis of unevenly sampled data for spectral analysis was developed by Lomb and is described in "Numerical Recipes" programming handbook 15 . This method, similar in principle to a discrete Fourier transfer, was applied to the tip displacement vs. time data to produce the results in Figure 8 . The periodiogram identifies several statistically significant peaks. The strong peak seen in Figure 8 at 1.87 Hz is attributed to the imaging instrumentation used to image the growth process. Accounting for magnification of the optical system, each pixel images a region of the growth chamber of ~22 µm by ~22 µm. Therefore this dendrite, which was growing at a speed of 39 µm/s, traversed the rows of pixels at a frequency of 1.8 Hz. Some of the other strong peaks may possibly be due to experimental influences related to periodic influences in the mechanically mixed isothermal bath. The 0.37 Hz peak is seen as a "grouping" near the frequency that correlates with the measured side-branch spacing and tip growth rate. This particular peak (or group of peaks) becomes more significant as data farther behind the tip (i.e., closer to the side branches) is included in the measurements (not shown here). This strengthening of the signal with sampling region size reinforces the interpretation of this peak as being related to the side-branching process, even thought the data derives from a region much closer to the tip than the side-branch structure proper. This constitutes evidence that the tip velocity is operating in a limit cycle mode. Earlier work by Dougherty et al. 16 , suggested that such a limit cycle was not present in NH 4 Br dendrites, nor did side branches on opposite sides of the dendrite appear to correlate (spatially) with each other. These issues will be examined in more detail as this investigation continues.
SUMMARY
The results presented here are a compilation of data obtained by still photographic images and video images. From data obtained by still images of PVA dendrites it can be concluded that more work must be done in order to determine the proper shape of pivalic acid dendrites. The video images have shown some insight into the dynamic attributes that may be associated with the growth rate of dendrites and raises the need for further investigation of the "steady-state" growth process.
